Recent findings indicate that rainfall variability over West Africa is characterized by more positive anomalies in the last four decades. The authors demonstrate that the recent interannual rainfall variability is linked to an air-sea phenomenon that occurs in the tropical Atlantic and eastern Pacific Ocean, and then propose the Trans-Atlantic-Pacific Ocean Dipole (TAPOD) index as a measure for this tropical ocean phenomenon, which is found to be closely correlated with the West African summer rainfall anomalies. Using observational and reanalysis datasets, composite analysis suggests that enhanced precipitation in West Africa is associated with the positive phase of the TAPOD, which is characterized by warm sea surface temperature anomalies (SSTAs) in the tropical Atlantic and cool SSTAs in the tropical eastern Pacific Ocean. During the positive phase of the TAPOD, there are significant westerly anomalies over the tropical Atlantic Ocean, which drives anomalous water vapor convergence over West Africa, leading to enhanced precipitation in the region.
Introduction
In the past four decades or so, most locations in West Africa have continued to witness increasing precipitation variability with inundations of unprecedented magnitude. Some notable instances are the 2007, 2010, 2012, and 2017 flood events triggered by heavy precipitation (Paeth et al. 2011; Panthou, Vischel, and Lebel 2014) . Remarkably, the record-breaking sequential rainfall of 2007 prompted disastrous flood events that caused hundreds of deaths and displaced nearly two million people from their homes along with considerable economic losses over sub-Saharan Africa (Paeth et al. 2011) . Another recent case is the 2017 mudslide and flooding in Sierra Leone. Surging mudslides and floodwaters, triggered by heavy rainfall, killed more than 1100 people and displaced many more from their homes (World Bank 2017) . The suggestion, therefore, is that this substantial rainfall recovery over West Africa and associated flood events is a reflection of the occurrence of extreme precipitation events being more prevalent over the entire region. Indeed, the magnitude of positive rainfall anomalies has increased, and this is largely homogenous over the entire West Africa (Sanogo et al. 2015; Nicholson, Fink, and Funk 2018) .
The interannual rainfall variability over West Africa is generally modulated by the West African summer monsoon and evolves in a complex manner with notable swings between dry and wet conditions during the summer (June-July-August-September, JJAS) season (Lélé, Leslie, and Lamb 2015; Nnamchi and Li 2011; Sharon 2009 ). The West African Sahel is particularly notable for the severe drought that plagued the region in the 1970s and the early 1980s (Giannini 2015) that extended down to the Guinea Coast. A number of studies have reported the rainfall recovery over the Sahel and noted that the region has slid into wetter conditions with cases of very wet years (Nicholson 2005; Sanogo et al. 2015; Nicholson, Fink, and Funk 2018) . Fontaine et al. (2011) demonstrated that the frequency of deep convection has increased, with significant northward migration, since the mid-1990s. Moreover, the well-known rainfall 'dipole', with anomalies of opposite sign over the Sahel and Guinea Coast, seems to have disappeared (Losada et al. 2012) . Stronger interannual rainfall variability and homogenous summer rainfall are now recurrent in the two regions.
It is generally accepted that the interannual precipitation variability in West Africa is influenced by sea surface temperature anomalies (SSTAs) in different ocean basins at different time scales. Sharon (2009) distinguished primary factors that modulate rainfall variation over the regions, including the interhemispheric SST gradient with warmer SSTAs in the North Atlantic and colder SSTAs in the equatorial cold tongue of the Gulf of Guinea, which manifests itself as an anomalous quasi-symmetrical structure in the tropical Atlantic Ocean (Li 2001; Chiang and Vimont 2004) . Moreover, domain-wide positive precipitation anomalies over West Africa are strongly linked with the interhemispheric positive SSTA in the tropical Atlantic. Relatively, El Niño events are mainly associated with larger east-west divergent circulation over the tropical Atlantic, which coincides with negative precipitation anomalies over West Africa, as in the case of composite El Niño episodes (Janicot et al. 1998) . Meanwhile, La Liña events are closely linked with positive precipitation anomalies over West Africa (Paeth et al. 2011) .
The interbasin connection between the equatorial eastern Pacific SST and tropical Atlantic SST variability has been the subject of many studies (Dippe, Greatbatch, and Ding 2017; Kajtar et al. 2016; Kucharski et al. 2016 ). These studies have demonstrated how the warm SSTAs over the Atlantic influence the dynamical processes that trigger the development of the Pacific La Niña, and vice versa. Li et al. (2015) demonstrated that warm SSTAs over the Atlantic drive anomalous wind dynamics that induces a La Niña-type response in the tropical eastern Pacific. This shows that SSTAs in the tropical Atlantic are connected to the La Niña-like response over the tropical eastern Pacific, and seems to have been dominant in the last four decades. Moreover, Paeth et al. (2011) observed that the combined effect of warm SSTAs in the tropical Atlantic Ocean and La Niña episodes in the tropical Pacific favors stronger than normal precipitation over subSaharan Africa. This is the case for the 2007 flood event over sub-Saharan Africa.
In this paper, we explore the inherent features of the SSTA pattern in the tropical Atlantic and Pacific Ocean basins, and further investigate the combined impact of the dipole-like SSTA structure on precipitation variability over West Africa, and the associated circulation features.
Data
Climate Research Unit (CRU) (New, Hulme, and Jones 2000; Mitchell and Jones 2005) monthly precipitation data, with a horizontal resolution of 0.5°× 0.5°, are applied. To evaluate the connection between sea surface temperature (SST) and precipitation anomalies, we utilize Hadley Centre Sea Ice and Sea Surface Temperature data, on 1°× 1°grids, based on EOF reconstruction of observations (Rayner et al. 2003) . The atmospheric moisture circulation is explored with six-hourly NCEP reanalysis zonal and meridional wind fields, surface pressure, and specific humidity (Kalnay et al. 1996) , with a spatial resolution of 2.5°× 2.5°resolution. The daily means are averaged to monthly means, and JJAS is selected for further analysis. The West African region in this study covers (4°-20°N, 20°W-20°E).
Trans-Atlantic-Pacific Ocean Dipole index and its relationship with West African summer precipitation anomalies
To investigate the possible mechanism responsible for the interannual variation of summer precipitation over West Africa, we first calculate the correlation coefficient between the precipitation anomalies over the entire West African region and the SSTAs in the tropical eastern Pacific Ocean and the Atlantic Ocean. Previous studies have suggested that a significant warming trend in the Atlantic Ocean in recent decades (Li et al. 2015) . We recalculate the correlation between West African summer rainfall (WASR) anomalies with the SSTA over the TAPO region, but with detrended SSTA and precipitation anomalies (as shown in Figure 1(b) ), the intention of which is to remove the impact of the warming trend of the Atlantic Ocean on the rainfall-SSTA relationship. A significant SSTA-WASR anomaly relationship can still be found in the tropical Atlantic Ocean and eastern Pacific Ocean, as shown in Figure 1(b) , even though the high-correlation regions are smaller than in the un-detrended case.
Meanwhile, significant negative correlation can be found in the tropical eastern Pacific and significant positive correlation in the tropical Atlantic, suggesting the WASR is closely related with the dipole-like SSTA structure in the TAPO basin, i.e., the SSTA in the tropical Atlantic and tropical eastern Pacific domain evolves in an opposite fashion. The dipolar structure in the two ocean domains is in line with the phenomena described in Mcgregor et al. (2014) , Martín-Rey et al. (2014) and Li et al. (2015) .
TAPOD index and its relationship with summer precipitation variability over West Africa
In order to measure the dipole-like SSTAs in the tropical eastern Pacific and Atlantic, the TAPOD Index (TAPODI) is proposed by differencing the domain-averaged normalized SSTA of the two regions with high correlation with the West African summer rainfall anomalies, which could be used for investigating the strength and connections of TAPOD events to larger-scale climate variability: 
where the square brackets indicate domain averages, and the subscripts show the two regions over which the SSTA averages are computed. The two domains are described by their locations in the tropical Atlantic (i.e., TA) and tropical eastern Pacific (i.e., TEP) as the Atlantic pole (TA: 15°N-15°S, 75°W-10°E) and the Pacific pole (TEP: 15°S-15°N, 120°-80°W), as delineated in Figure 1(b) . Based on Equation (1), we derive a measure of the TAPOD. Figure 2(a) elucidates the interannual variability (time series) of this tropical ocean dipole index. Furthermore, the figure highlights that the SSTA over the tropical Atlantic and the tropical eastern Pacific is characterized by strong interannual variability, even though the warming and cooling trends are also found in the ocean domains. The time series of the normalized WASR anomaly is also presented in Figure 2 (a), and it is found that the TAPODI and WASR anomaly are related with a correlation coefficient of r = 0.58. This suggests that the TAPODI is significantly correlated with domain-wide precipitation anomalies over West Africa during 1980-2013, and can be regarded as an efficient index for predicting the interannual variability of the WASR.
To further illustrate the relationship between the TAPODI and WASR, Figure 2 (b,c) present the composite summer rainfall anomalies over West Africa for the positive and negative phase of the TAPOD, respectively. We compute the composites of precipitation based on typical cases of positive and negative TAPODI, defined as the ±0.5 standard deviation of the TAPODI series. This definition yields positive TAPODI years of 1988, 1989, 1995, 1996, 1999, 2003, 2007, 2008, 2010, 2011, and 2013, and negative years of 1982, 1983, 1991, 1992, 1993, 1994, 1997, and 2009, during 1980-2013 . The figure shows that there is precipitation enhancement over West Africa during the positive phase of the TAPODI, vice versa for the negative phase of the dipole. The same composite rainfall pattern is reproduced using CRU and GPCC data (figure for GPCC not shown), suggesting the observed pattern is robust. Figure 2 (b) shows that there is precipitation enhancement over West Africa, with a larger magnitude around 4°-18°N. Moreover, the Guinea coast, west coast, around Mauritania, Senegal, and its environs, are characterized by enhanced precipitation.
Similarly, the eastern extremity extending to the Nigerian Sahel and the Lake Chad basin experiences greater than normal precipitation during the positive phase of the TAPOD, and this enhanced precipitation is expected to increase more in the future (Dike et al. 2015) . Conversely, during the negative phase of the TAPOD, the whole of West Africa is characterized by deficient precipitation, as shown in Figure 2 (c), except for a small part of Sierra Leone and southern Cameroon.
To gain dynamical insights into how the TAPOD could induce West African precipitation anomalies, we also examine the atmospheric circulation and vertically integrated water vapor convergence associated with the phenomenon. Using NCEP reanalysis data, the anomalous horizontal wind field is firstly given in Figure 3 . The data illustrate the composite wind anomalies at 850 hPa for positive and negative TAPODI years. Strong westerly anomalies can be found throughout the tropical Atlantic Ocean, with maximum anomalies centered over 0°-10°N, for positive TAPODI years (Figure 3(a) ). As revealed by many previous studies, moisture transport by westerlies from the Atlantic Ocean to West Africa is the main moisture supply for the West African rainfall (Kidson 1977; Pu and Cook 2012) , so the composite westerly anomaly will lead to very large quantities of moisture transport from the ocean to the Caribbean and West Africa and, hence, enhanced rainfall over West Africa. Undoubtedly, low-level westerly jets plays an important role in moisture transport (Lélé, Leslie, and Lamb 2015; Pu and Cook 2012) . Meanwhile, Figure 3 (b) shows converse characteristics during the negative phase of the TAPOD, showing a weakening of the westerlies. This is consistent with the fact that westerly moisture transport has a significant influence on the summer precipitation variability over West Africa.
The total horizontal moisture flux components (zonal and meridional) are calculated by the vertically integrated water vapor flux for the positive and negative TAPODI years, as shown in Figure 4 . The total pressure column extends from the surface (1000 hPa) to 300 hPa. The positive TAPODI composites are characterized by strong moisture convergence to the Guinea Coast and the Sahel (Figure 4(a) ), and indeed the entire region. This results in the observed enhanced large-scale and homogeneous precipitation over West Africa. Figure 4 (b) shows a converse pattern during negative TAPODI years. Figure 4 (a) clearly demonstrates that the westerly anomalies are strengthened during the positive phase of the TAPOD. Moreover, Pu and Cook (2010) , Pu and Cook (2012) described the westerly anomalies, as shown in Figure 3(a) , as West African westerly jets and linked the jets with anomalous precipitation over the West African Sahel.
However, we hypothesize that the westerlies perhaps originate over the equatorial eastern Pacific due to the temperature gradient between the two ocean basins. These characteristic moisture dynamics may hold the key to understanding the recent spate of extreme precipitation over West Africa. This point is further strengthened by the correlation between the index and precipitation anomalies, as illustrated in Figure 2(a) . This elucidates the influence of the TAPOD on West African precipitation.
Summary and discussion
In this study we evaluate the existence of a Trans-AtlanticPacific-Ocean Dipole and its possible impact on precipitation anomalies over West Africa. The correlations of the derived TAPODI with precipitation anomalies over West Africa suggest a strong relationship between the observed SSTA structure and precipitation anomalies over West Africa. Moreover, the West African Summer Monsoon Index (Li and Zeng 2003) is well correlated with the TAPODI and precipitation anomalies over West Africa (Nnamchi and Li 2011) . This perhaps indicates that a significant proportion of the monsoon system is modulated by the TAPOD, which suggests enhanced (weakened) monsoonal flow during positive (negative) phases of the TAPOD. Nonetheless, this demonstrates that, during a positive TAPOD, the West African monsoon will be stronger, corresponding to the greater than normal rainfall over West Africa. Additionally, the Niño3.4 index is also known to be correlated with summer precipitation over West Africa. However, the TAPODI shows a stronger correlation with precipitation anomalies in the region. This suggests that the TAPODI could possibly be regarded as an indicator for the prediction of West African summer rainfall anomalies. During the positive phase of the dipole, the SST gradient between the two ocean basins drives anomalous westerly anomalies that are linked to water vapor convergence and greater than normal precipitation over West Africa. On the other hand, the negative phase of the dipole is characterized by divergent water vapor flux, with deficient precipitation over the region. At this point, one question that may arise is the apparent asymmetrical nature of the wind anomalies related to the TAPOD at the equator. It is imperative to note that the positive/negative phases of the TAPOD are usually accompanied by SSTA signals outside the tropical Atlantic-Pacific Ocean domain, especially in the tropical North Atlantic sector, which is not symmetrical at the equator. This could possibly explain why the wind anomalies related to the TAPOD are asymmetrical at the equator.
Furthermore, numerical experiments using a global climate system model are needed for verifying the mechanism proposed in this study, as well as to isolate the impact of the TAPOD from those induced by SSTAs in other parts of the ocean basins, and to further distinguish the relative importance of SSTAs in the tropical eastern Pacific and the Atlantic on West African summer rainfall.
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